Abstract-This paper presents an anal y sis on the disconnection time of single-phase rooftop PVs, located in a three-phase four wire low voltage distribution feeder after a line-to-ground short circuit fault on the low voltage feeder. The paper aims to evaluate and discuss the disconnection time and sequence of PVs in a net work with 100% PV penetration level. The impact of different parameters such as the location of the fault, impedance of the fault and the ratio of PVs generation capacit y to the load demand are considered. Furthermore, the effect of the s y stem earthing in the form of multiple earthed neutral and non-effectivel y grounded s y stems are evaluated on the PVs disconnection time.
I. INTRODUCTION
During the last decade, a vast effort has been made towards the expansion and increase in the penetration level of distri buted generation (DG) units within the electric distribution networks. Single-phase rooftop photovoltaics cells (PV s) are the most commonly utilized type of DGs that are installed in distribution networks of many countries. As an example, in the last 6 years, over one million rooftop PV s have been installed in Australia [1] . However, the increasing penetration level of these units in low voltage distribution networks has imposed several technical problems such voltage rise issues [2, 3] and power quality problems [4, 5] . The technical and economic impacts of imposed over-voltages by rooftop PV s in PV domi nated distribution feeders is considered in [2] [3] [4] [5] and several improvement techniques are proposed in [6] to mitigate or minimize these problems. Furthermore, the sudden variations of voltage in the PV dominated feeders as the result of cloud ing has been studied in [7] where some improvement methods are proposed in [8] to overcome rapid voltage fluctuations.
In addition to voltage rise, fluctuation and power quality problems, the utilities worldwide are concerned with the im pact of high penetration of rooftop PVs on the mis coordination among the protective devices in those networks [9] [10] [11] [12] . As an example, reference [13] has discussed the pro tection problems related to the high penetration of rooftop PVs in distribution networks. For medium voltage (MV) networks with high penetration of rooftop PV s in their low voltage (LV) feeders, reference [14] proposes a new technique to defme and update the settings of the network protective devices to main tain a proper coordination among them. In addition, reference [15] proposes a new technique based on current phase compar ison at different points along the MV feeders to detect the con tribution of rooftop PV s on the short circuit faults.
The above references have focused on the impact of the rooftop PVs on MV feeders but have not discussed the PVs effects on the LV feeders to which they are connected. In addi tion, they have not considered the unequal distribution of PV among the phases neither the different nominal ratings of the PVs in a feeder. These points need to be considered in protec tion-related studies of networks with high penetration of PVs.
On the other hand, the utilities try to minimize the possible impacts of rooftop PV s by limiting their penetration in the networks. As an example, majority of electrical utilities in Australia, have developed a 30% maximum penetration limit for the single-phase rooftop PV s in each LV feeder [16] . This limit prevents newer householders to install rooftop PVs. From protection side, the utilities are worried that due to high pene tration of rooftop PVs, there is a possibility that the rooftop PV s do not allow the voltage along the feeder to drop during short-circuit faults, resulting in the continuous supply of the fault through the rooftop PVs, even if the upstream circuit breakers have disconnected the upstream.
To facilitate higher penetration of single-phase rooftop PVs in electric networks, the protection issues of these net works should be evaluated in more details. In this regard, this paper focuses on the LV feeder to which the single-phase roof top PVs are connected and the unequal (number and rating) of PVs in each phase of the three-phase system are considered. In addition, the voltage profile along the feeder after a short circuit fault in the LV feeder is analyzed carefully. Within this period, the disconnection time and sequence of disconnection of the rooftop PV s are also analyzed. Several parameters such as the impedance of fault (IoF), location of fault (LoF) and PV generation capacity to residential load demand ratio (GDR) are considered within the studies. The voltages of nodes along the feeder are observed during the fIrst few cycles after a fault appearance on the LV networks. Another aim of this paper is to compare the effects of PV s disconnection time with respect to the grounding system of the feeder. The paper will present a comparison on the voltage profIle along the feeder in multiple earthed neutral (MEN) [17] and non-effectively grounded (NEG) [18] networks after a short-circuit fault. Only line-to ground (LG) faults, which are the most common type of faults in distribution networks are considered in the analyses of this paper. The main contributions of this research are:
• to evaluate and discuss the disconnection time and sequence of single-phase rooftop PVs distributed in different phases during LG fault,
• to investigate the effect of IoF and LoF on the on the dis connection time of rooftop PVs after an LG fault,
• to investigate the correlation between the disconnection time of PVs and a high GDR under short-circuit scenarios,
• to compare the effect of NEG and MEN systems on the dis connection time of rooftop PV s in a LV network with high penetration of rooftop PVs,
• to define the conditions under which rooftop PV s may not be disconnected after an LG fault in the LV feeder.
The rest of the paper is organized as follows: Section II in troduces the LV network under consideration. The research methodology is discussed in Section III and the results of the analyses are presented in Section IV. The general conclusions and [mdings of the research are highlighted in the last section of the paper.
II. NETWORK UNDER CONSIDERATION
Let us consider the network of Fig. 1 which schematically represents a typical Australian urban LV distribution network, used for supplying residential loads. This system is selected as the case study in this paper. It is assumed that a three-phase three-wire MV feeder supplies a three-phase four-wire LV feeder through a three-phase Dyn distribution transformer [19] . The residential houses are assumed to be single-phase loads connected to the LV feeder. In this research, to consider a worst case scenario, it is assumed that the penetration of sin gle-phase rooftop PVs is 100%. The considered network in this paper is composed of 30 houses, equally distributed among the three phases.
A similar network is used by majority of the European and Asian utilities to supply the urban residential loads. It is to be noted that this system is different from the North American L V residential networks [20] .
The new and properly designed L V feeders are in the form of MEN type where the neutral wire is earthed at the second ary of the distribution transformer as well as at each load pre mises [21] , as seen from Fig. 2(a) . However, older LV feeders or LV feeders developed without proper engineering supervisions may be in the form of an NEG system. To con sider this, the network of Fig. 1 is considered assuming the neutral wire is only grounded at the distribution transformer but not at every residential load premises, as seen from Fig.  2 (b). The rooftop PV s are assumed to be as constant single phase power sources, operating at unity power factor, based on IEEE Recommended Practice for Utility Interface of Photovol taic (PV) Systems [22] . Furthermore, the current output of the PV are limited to be below 150% of the nominal value during the faults. Each PV is assumed to be 4.4 kW, which is the cur rent median of the most common rooftop PV s sizes in Perth, Western Australia [23] .
The loads of the network are assumed to be single-phase and constant impedance type, distributed equally among the phases. Each load is assumed to be 4.4 kVA [24] with a power factor of 0.95, which is equal to the after diversity maximum demand (ADMD) of the town houses and villas in Perth, Western Australia.
It is to be noted that the considered system is composed of 30 houses supplied by a 150 kV A transformer. Three houses are assumed to be supplied from each pole, where the poles are located with a distance of 40 meters from each other.
III. RESEARCH METHODOLOGY
IEEE Recommended Practice for Utility Interface of Pho tovoltaic (PV) Systems [22] defmes the normal and abnormal operating voltage boundaries for the rooftop PVs of smaller than 10 kW. Based on this standard, the rooftop PVs should be isolated and disconnected from the LV feeder and do not energize it if the feeder voltage drops below 88% of the no minal voltage. The maximum time for the PVs disconnection depends on the level of the voltage drop, as given in Table l . In a similar fashion, the PVs should also get isolated if the feeder voltage rises above llO% of the nominal voltage.
It is expected that following a short-circuit LG fault in the L V feeder, the voltage along the feeder in the faulty-phase will drop quickly while the voltage in the other (healthy) phases will rise. The level of the voltage drop in the faulty phase mainly depends on the fault impedance. The current concern of utilities is that the high PV generation to load demand ratio, earthing of the system as well as the fault impedance and loca tion may cause the voltage drop not to be below 88% of the nominal voltage. If it happens so, the rooftop PVs will not detect any abnormal voltage in the feeder and will not get dis connected. This will allow the PVs to continue to feed the fault. Under such scenarios, the voltage in the other (healthy) phases may also not rise above the threshold of 110%; hence the PVs on the healthy phase(s) may continue to supply the fault via the distribution transformer. The above-mentioned scenario will continue until the upstream circuit breaker, which is usually controlled by an inverse definite minimum time (IDMT) over current relay, trips the circuit. After the upstream circuit breaker has tripped the circuit, the voltages in both faulty and healthy phases will significantly drop, leading to the disconnection of the PVs that are still connected. It is worth mentioning that there is a possibility that the fault cur rent to be very small, resulting in being non-detectable with normal overcurrent relays. Thus, the fault will be kept feeding by the upstream network and PVs. These scenarios and situa tions will be investigated in the Sections IV, V and VI of this paper and then discussed and concluded in Sections VII and VIII.
It is to be noted that although recently developed LV feed ers are usually in the form of multiple earthed neutral (MEN) type, the old LV feeders may be non-effectively grounded (NEG). Each of these earthing systems, might have a strong impact on the voltage profile along the feeder following a short-circuit LG faults.
To understand the network situation after a short-circuit LG fault, this paper considers the network given in Fig. 1 and evaluates the voltage along the feeder and the disconnection time of the PVs based on the following four parameters:
• PV Generation capacity to load demand ratio (GDR) To analyze each parameter, the selected cases are re-examined assuming the other parameters as constant and the results (i.e. the voltage along the feeder following a short-circuit LG fault and the disconnection time and sequence of the PV s) are rec orded. At the end, the results are tabulated and evaluated.
IV. IMPACT OF IMPEDANCE OF FAULT (IOF)
Let us consider the network of Fig. 1 with the GDR of uni ty. A short-circuit LG fault is applied at the middle of phase-a (i.e. LoF = node 5). In this study, the IoF is varied from a very small (0.002 and 0.2 Q) to small (1 and 2 Q) and high (20 Q) values. The voltage profile along the feeder after fault occur rence until the disconnection of PVs or the opening of the up stream circuit breaker is shown in Fig. 3 . The results are rec orded for the MEN and NEG earthed systems, separately. The left hand graphs of Fig. 3 show the voltages in an NEG system while the right hand side graphs show the voltages in an MEN system.
From this figure, it can be seen that the voltage of the faul ty phase (i.e. phase-a in this case) drops below the limit of 88% for all IoFs except IoF = 20 Q. Hence, all of the PVs in the faulty phase disconnect after the fault occurrence. This is valid for both MEN and NEG systems; however, the voltages of the NEG system remain slightly higher than those for the MEN system. This figure also shows that for high impedances IoFs (e.g. 20 Q) in the MEN system, the voltage of the healthy phases (phase-b and c in this case) rest within the normal op eration bandwidth of 88% to 110%; Thus, the PVs connected to healthy phases will not get disconnected and will continue to feed the fault. This is true for the IoFs larger than 1 Q in the NEG systems. In case of high impedance short-circuit LG faults (e.g. 20 Q in this case), the PVs in both healthy and faulty phases will remain connected to the LV feeder and will keep feeding the fault until the upstream circuit breaker trips the circuit.
It is worth mentioning that the voltages shown in Fig. 3 are recorded at one specific moment (i.e. after fault occurrence and before disconnection of PVs or upstream circuit breaker). Thus, this figure does not illustrate the voltages after the dis connection of one or more PVs. Thereby, even if the voltages of some nodes is within the nominal bandwidth of 88% to 110% in Fig. 3 , their voltages may exit this bandwidth after the disconnection of one or more PVs. Hence, the disconnec tion time and sequence of the PVs should also be studied. Now, let us analyses the disconnection time of the PVs in this system and their sequence. The disconnection time of the PVs depends on the time that their point of common coupling (PCC) voltage drops below 88% or rises above llO% of the nominal voltage. Assuming that the fault occurs at t = 0.3 s, the voltages of the faulty phase drop below 88% of the nomin al value immediately; hence, all of the PVs within phase-a disconnect simultaneously at t = 0.3048 s (in less than a cycle). Immediately after the fault occurrence, the voltages of the healthy phases increase. As an example, in the considered study, the voltage of node 1 in phase-b and nodes 1-4 in phase c increase above 110% of their nominal value at t = 0.3060 and 0.3075 s; thereby the PVs connected to these nodes disconnect at these times. The rest of the PV s connected to phase b and c disconnect in the same fashion before 0.3137 (in less than a cycle after fault occurrence). The upstream CB, which has an extremely inverse characteristic and a time multiplier setting (TMS) of 0.02 opens at t = 1.606 s (i.e. '" 1.3 s after the fault occurrence). The schematic disconnection time of the PVs in the considered study case are shown in Fig. 4 .
To consider the disconnection time of PVs and their se quence of disconnection in presence of different IoFs, the rec orded results are represented in the Radar diagrams of Fig. 5 . The top row of this figure is for the considered NEG system while the bottom row represents the MEN system. It can be seen from these figures that the PV s connected to both healthy and faulty phases do not sense the fault and do not disconnect when the IoF is higher than 2 Q for the MEN system. This is valid for IoFs larger than 1 Q in the NEG system. The radar diagrams of Fig. 5 also show that the PV s in each phase oper ate at approximately the same time (i.e. half a cycle differ ence) for each IoF. The disconnection time increases as the IoF becomes larger.
V. IMPACT OF LOCATION OF FAULT (LOF)
To analyze the effect of the LoF on the voltage profile along the feeder and hence the disconnection time and se quence of the rooftop PVs, the previous study is repeated (i.e a short-circuit fault is applied on phase-a where the GDR is uni ty) assuming that the IoF is very small (i.e. 0.002 Q) while the LoF is varied from the beginning of feeder towards its end. In the rest of this section, LoF = 1, 5 and 10 respectively represents the fault at the beginning node (i.e. node-I), middle (i.e. node-5) and the end (i.e. node-l0).
The voltage profile along the feeder is shown in Fig. 6 . This figure shows that for all cases of LoF = 1, 5 and 10, the voltage of the nodes in the faulty phase (i.e. phase-a in this case) are very close to each other and all lower than 20% of the nominal value in the MEN and less than the 40% in the NEG system. Hence, it is expected that the PVs within the faulty phase will disconnect regardless of the fault location along the feeder. Following the fault occurrence, the voltages of the nodes in the healthy phases rise above the threshold of 110% and thus their PV s will disconnect.
An interesting issue can be observed in the results of the NEG system. As it can be seen from Fig. 6 , the voltage of some of the nodes in phase-b in the NEG system do not rise above the 110% threshold even for a very small IoF of 0.002 Q. Thus, the PVs connected to the middle and end nodes of this phase will not disconnected under such conditions. The situation will be even worse when the IoF is larger. Fig. 7 presents the disconnection time of the PVs in radar diagrams. This figure shows that all of the PVs in both healthy and faulty phase disconnect almost at the same time (i.e. few millisecond differences) and this time is not affected strongly with the LoF. This is valid for both of the MEN and NEG sys tems. PVs disconnection time (sec) during LG fault (GDR�I, LOF� 5) 
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VI. IMPACT OF GENERATION TO DEMAND RATIO (GDR)
To analyze the effect of the GDR on the voltage profile along the feeder and hence the disconnection time and se quence of the rooftop PVs, the previous study is repeated (i.e a short-circuit fault is applied on phase-a with an IoF of 0.002 Q at the LoF = 5) where the GDR is varied from 50% to 200% in steps of 50%.
The voltage profile along the feeder is shown in Fig. 8 . This figure shows that for all different considered GDRs, the vol tage of the nodes in the faulty phase (i.e. phase-a in this case) are very close to each other and all lower than 10% of the no minal value in the MEN and less than the 25% in the NEG system. Hence, it is expected that the PVs within the faulty phase will disconnect regardless of the GDR level. Following the fault occurrence, the voltages of the nodes in the healthy phases rise above the threshold of llO%. These voltages are also very close to each other and the PVs connected to these nodes will disconnect. Fig. 9 presents the disconnection time of the PVs in radar diagrams. It is seen from this figure that as the GDR level in creases, the disconnection time of the PV s connected to the healthy phases reduces. This is valid for both of the MEN and NEG systems. The disconnection time of the PV s connected to the faulty phase does not present a specific routine as the GDR level varies; however, all of the PVs disconnect in less than a cycle.
VII. CONCLUSION AND DISCUSSION
An analysis has been carried out to investigate the discon nection time of single-phase rooftop PVs, located in a three phase four-wire low voltage distribution feeder following a line-to-ground short-circuit fault on the low voltage feeder. Several parameters are considered including the location of the fault, the impedance of the fault and the ratio of the PV s gen eration capacity to the load demand. Moreover, the impact of the system earthing was analyzed for the multiple earthed neu tral and non-effectively grounded systems.
The analyses demonstrate that following a line-to-ground short-circuit fault on one of the phases, the voltages of all nodes along the faulty phase drop below 88% of the nominal voltage immediately. Hence, all the PVs connected to the faulty phase sense the fault and disconnect. The analysis show that the level of voltage drop in the MEN systems is much larger than the NEG system; however, in both cases, the PVs of the faulty phase disconnect in less than a cycle after the fault, if the fault impedance is small (i.e. less than 2 Q). It was also revealed that the location of the fault, when varied from the beginning of the feeder towards its end as well as the ratio of the generation capacity of PVs versus the load demand, when varied from 50% to 200%, does not have a significant effect on the disconnection of the PV s. It was noticed that there is a possibility for the PVs connected to the faulty phase not to disconnect if the system is NEG and the fault impedance is high (e.g. 20 Q).
The analyses also demonstrate that the voltages of all nodes along the healthy phases rise above the nominal voltage im mediately. The level of voltage rise is higher for the MEN systems compared to the NEG system. Once the voltage mag nitude rises above 110% of the nominal voltage, the PVs con nected to the healthy phases disconnect. The analyses show that this usually happens in less than a cycle after the fault occurrence. For the healthy phases, it was noticed that the fault impedance has a significant effect on the PVs disconnection. As an example, the analysis revealed that for fault impedance of larger than 2 Q for the MEN system and larger than 0.2 Q for the NEG system, the voltage profile along the healthy phases does not rise above 110%. The analyses show that the location of the fault and the ratio of PVs generation to load demand do not have a strong effect on the PVs disconnection.
